Open source 3D printers (OS3DPs) have become increasingly more widespread in recent years because of their ease of use and budget friendliness, with the majority being fused deposition modeling (FDM) printers. However, due to natural deficiencies of the FDM printing methodology, different printing parameters can cause various properties of printed parts. To obtain printed polylactic acid (PLA) parts with improved tensile properties, a tension model of the part and an orthogonal experiment scheme were constructed in this paper. The effects of three printing parameters (layer height, orientation angle (OA) of the part, and print speed) on tensile properties (elastic modulus, tensile strength, and elongation at break) were investigated. The results demonstrated that the printing parameters affected the tensile properties of PLA parts. Larger layer height and lower print speed contributed to the improvement of tensile strength. The OA of the part had the greatest effect on the parts' elastic modulus and elongation at break among the three parameters. Both layer height and OA of the part affected its tensile strength significantly. In this research, the layer height of 0.2 mm and the print speed of 20 -30 mm/s were found to be the optimal printing parameters. Adjusting the OA of the part can provide targeted tensile properties, and the parts with the OA of 45° resulted in the lowest tensile strength because the tensile force was only held by fibers parallel to the force orientation instead of all fibers.
INTRODUCTION 
Additive manufacturing (AM) is defined as "a process of joining materials to make objects from threedimensional (3D) model data, usually layer upon layer, as opposed to subtractive manufacturing methodologies" [1] . Expiration of early additive manufacturing patents leads to the growth of relatively low-cost, open source 3D printers (OS3DPs), such as Ultimate and RepRaps (self-REPlicating and RAPid) in the past decade [2, 3] . OS3DPs have given hobbyists and enthusiasts the chance to adopt the do-it-yourself (DIY) culture and experiment with their own designs without computerized numerical control machining knowledge.
OS3DPs usually adopt a manufacturing method known as fused deposition modeling (FDM) to build physical objects from 3D digital models using thermoplastic filaments such as acrylonitrile butadiene styrene (ABS) or polylactic acid (PLA). ABS is a common thermoplastic polymer, manufactured by polymerizing styrene and acrylonitrile in the presence of polybutadiene. PLA, a compostable synthetic polymer produced using monomer feedstock derived from corn starch, satisfies many of the environmental impact criteria required for an acceptable replacement for oil-derived plastics [4] .
A digital model (typically STL format file) is required for 3D printing. Created using CAD software or scanned by 3D scanners, the model is sliced into horizontal layers with each layer representing a cross-sectional contour of the model based on calculations by 3D printing software. 3D printing software, such as the CURA (developed by Ultimaker), also enables the customization of printing parameters for users to calibrate their software (and printers). As shown in Fig. 1 , in the FDM process, thermoplastic filament is fed to the heating element with the pressure generated from the filament feeding component. The filament material is heated to melting state and the fiber is extruded through the extrusion nozzle. The extrusion nozzle deposits the material (fiber) on the X-Y plane following the software generated tool paths. Fibers are bonded to form a whole. Either the print bed or the extrusion nozzle will move to provide necessary space for the next layer's fabrication. Every single layer will be stacked onto the previous until the part is completed [5] . Due to the fact that most OSDPs deposit material in a directional way (as illustrated in magnified layer schematic diagram of Fig. 1 b) , the FDM process produces plastic parts with anisotropic behaviours [6 -8] . Previous studies have been conducted to observe the effects of parameters on the mechanical properties of FDM printed products. Ahn et al. investigated the effects of air gap, raster width, nozzle temperature, ABS colour, and raster angle on the tensile strength. They found that air gap and raster angle significantly affected the tensile strength. When the raster angle was 0° (parallel to loading direction), the tensile strength was the highest; on the contrary, when the raster angle was 90° (perpendicular to the loading direction), the tensile strength was the lowest. Though decreasing the air gap to a negative value can increase the tensile strength, but the material overlap can result in surface roughness [9] . Bellini et al. concluded that the mechanical properties of the parts depended on the orientation of the object with respect to the substrate and the way roads filled every layer [10] . Sood et al. developed the empirical models relating responses (tensile, flexural, and impact strength) and five process parameters: layer thickness, orientation, raster angle, raster width, and air gap. Effects of various parameters and their interactions were analyzed using response surface plots and the optimal parameter setting for each response was determined [11] . Based on an FDM desktop printer, Lanzotti et al. studied the effects of layer thickness, raster angle, and shell perimeters on the strength of 3D printed parts and maximized the ultimate tensile strength by optimizing the parameters [12] . Dawoud et al. investigated the effects of printing parameters on the mechanical behaviours of ABS part samples that were made by an injection molding process or FDM process. Their research revealed that FDM parts produced with a negative air gap gained higher density and enhanced mechanical behaviour than those with a positive air gap [13] .
According to the literature, air gap and raster orientation show more significant effects on the mechanical performance than layer thickness, bead width, colour, etc. However, the adjusting of air gap and raster orientation is not well suited for average users. Thus, parameters from the basic settings were investigated in this study. Common users often struggle to find a balance between sacrificing print efficiency, which is affected by layer height and print speed, for mechanical properties and vice versa. Although parameters such as raster angle and air gap cannot be adjusted through basic settings, users can easily modify the layer height and the print speed to optimize the print efficiency. Whereas for configuring a part's mechanical properties, this paper focuses on the part orientation angle (OA) for the sake of user convenience.
In the present work, we analyzed the tension model of the PLA parts and explored effects of printing parameters (layer height, print speed, and OA of the part on the internal structure and mechanical properties of printed parts. Furthermore, we optimized the printing parameters in CURA for part tensile properties (elastic modulus, tensile strength, and elongation at break) using orthogonal experiment design.
EXPERIMENTAL

Tension model of the plastic part
Due to the nature of the FDM printing process, a printed part's tensile properties vary with the extruded fiber's cross-section contour and area. As shown in Figure  2a , assuming that the extruded fiber is in the shape of an ellipse, thereupon, the relation below applies: ;
(1)
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where Ael is the area of fiber cross-section ellipse, mm 2 ; Aci is the area of nozzle, mm 2 ; Acp is the cross-section area of part, mm 2 ; Q is the volume of filament used per second, mm 3 /s; w is the long axis length of fiber cross-section ellipse, mm; h is the short axis length of fiber cross-section ellipse, mm; d is the diameter of nozzle, mm; ve is the velocity of extrusion fiber, mm/s; vp is the velocity of print speed, mm/s;  is the cross-section porosity of part. illustrates the tension force on cross-section of the part. The tension force is parallel to the fiber (or perpendicular to the fiber in next layer) and is sustained primarily by fibers parallel to its direction. Fig. 2 c demonstrates that another directional relationship between tension force and fiber, an angle of  exists between the tension force direction and fiber orientation.
Preparation of PLA parts
The PLA parts were designed according to ASTM D638 [14] . The specific size of the test specimen is described in Fig. 3 . PLA filaments of 1.75 mm diameter were printed as test specimens using an OS3DP (Printing feedstock and 605S model machine from Shenzhen Aurora Technology Co, Shenzhen, China). The nozzle diameter of printer was 0.4 mm. The CURA software (15.04 version, developed by Ultimaker) was used to set printing parameters. The printing temperature was 210 ℃ and the fill density was 100 %. 
Tensile properties measurement of parts
Tensile properties of the specimens were measured by a universal testing machine (Changchun Kexin instruments Co. Changchun, China). The testing speed was set to 25 mm/min. Elasticity modulus, tensile strength, and elongation at break were obtained according to ASTM D638.
Orthogonal experiment design
Three printing parameters of the CURA software, including layer height, OA of the part, and print speed, were selected as fixed factors. Each fixed factor has three levels and every level repeats three times to have a mean value. In the CURA software, layer height is the thickness of each deposited layer; print speed is the moving speed of nozzle along the X and Y-axis; and the OA of the part represents the angle between the central axis of the PLA part and the X coordinate in the software, as shown in Fig. 4 . The level values of fixed factors are listed in Table 1 . Orthogonal experiment scheme of L9 (3 4 ) was designed according to the number of factors and levels. The dependent variables are elastic modulus, tensile strength, and elongation at break. The experimental scheme is shown in Table 2 . 
RESULTS AND DISCUSSION
Calculated porosity and force analysis of cross-section area in part
As shown in Fig. 5 , under the same conditions, with the increase of layer height, the calculated porosity decreased, whereas, with the increase of print speed, calculated porosity increased. For parts with the same size, smaller porosity of the cross-section resulted in higher density and greater force that the part could sustain. This is consistent with the previous researches that decreased air gap can increase the density of parts and improve their strength. Therefore, increasing layer height and decreasing print speed will be beneficial in improving tensile properties theoretically. 
Fig. 5. Layer height and print speed's effects on cross-section porosity of parts
When the tension force F is parallel or perpendicular to the fibers, illustrated by Fig. 2 b, most of tension force would be sustained by fibers that are parallel to force F, especially when air gaps exist between those perpendicular fibers. While the tension force F is at an angle to the fibers, illustrated by Fig. 2 c, the relation F1=F·cos() applies. Due to the fact that F1 is a component force, consequently, the actual tension force along the fiber orientation is smaller than F, with a corresponding rise of the tensile strength.
Relationship among OA, tension force direction and fiber orientation
Through nozzle movement, FDM deposits fibers (molten filament of PLA) in a crisscross manner. Fibers are bonded to form a whole. Therefore, the direction of the fibers will affect tensile properties of the part. Because users cannot control fiber orientation, OA is used to get various fiber orientations. Fig. 6 shows the differences between the fiber arrangements at different direction angles inside the parts. As illustrated by Fig. 6, in could be observed within OA 90°and 0° because of the fixed nozzle moving path. When the OA of the part is 45°, the direction of tensile force is parallel to the fiber orientation (perpendicular to the fiber orientation in the next layer), shown in Fig. 2 b. However, when OA is either 0º or 90º, an angle of α (α = 45º) exists between the tension force and the fiber orientation, as shown in Fig. 2 b.   Fig. 6 . The moving path of the nozzle under different OAs (yellow line represents moving path and fiber cross direction)
Orthogonal experiment
The results of each test were analyzed using SPSS (IBM SPSS Statistics 19). Table 3 represents the contributions of the level change of fixed factors to the dependent variables response. According to the orthogonal experiment method, the greater the F value of fixed factors, the greater impacts on the dependent variables response.
Elastic modulus (MOE): Comparing layer height, OA of part, and print speed, the effect of the OA on the elastic modulus was the greatest (F = 2.477), followed by the layer height and the print speed. Elastic modulus represents a specimen's elastic deformity resistance upon an applied force. A stiffer material has a higher elastic modulus. Thus, the OA of the part has a substantial effect on part stiffness. Tensile strength (TS): measured by the maximum stress that a specimen can withstand while being stretched or pulled before breaking. The analysis showed that the layer height had the greatest effect (F = 36.348) on tensile strength compared with the OA of the part and the print speed. Higher layer height means bigger diameter for each single fiber, lower cross-section porosity, and better tensile strength. Notably, the Sig. values of layer height (0.027) and OA (0.046) were all below 0.05, which indicates that they have a significant impact on the tensile strength of PLA parts.
Elongation at break (EL): also known as fracture strain, is the ratio between stretched length (difference between final length and initial length) and initial length after breakage of the test specimen. The value of elongation implies the capacity of a specimen to resist changes in shape without cracking its formation. The influence of fixed factors on the elongation from high to low is OA of the part, print speed, and layer height. It can be seen that among three parameters, the OA of the part is the most important factor for forming the area of stress concentration in the PLA parts. Fig. 7 illustrates the Duncan multiple comparison results between levels of fixed factors.
Optimized printing parameters
According to the results, optimal printing parameters for the highest elastic modulus, tensile strength, and elongation, are listed in Table 4 . Larger layer height was proven to be helpful for enhancing tensile properties, however, harmful to surface quality. The parts with the OA of 45° resulted in the lowest tensile strength because the tensile loads were only held by fibers parallel to the loading direction instead of all fibers. The print speed of 40 mm/s is not recommended although it can improve print efficiency.
CONCLUSIONS
From the model analysis and orthogonal experiment design of FDM PLA using an OS3DP (The CURA software was used to set printing parameters), conclusions can be drawn: 1. PLA Parts with specific tensile properties can be obtained by using different printing parameters. 2. OA of the part has greater effect on elastic modulus and elongation at break than layer height and print speed because of various fiber orientations. 3. Layer height and OA of the part greatly affect the tensile strength of a PLA part. When tensile loads were only held by fibers parallel to the loading direction instead of all fibers can result in the lowest tensile strength. 4. 0.2 mm of layer height and 20 -30 mm/s of print speed are optimal printing parameters based on our research.
